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Friction is usually a very complicated process. It appears in its most elementary form when two 
flat surfaces separated by vacuum gap are sliding relative to each other at zero Kelvin and the friction 
is generated by the relative movement of quantum fluctuations. For several decades physicists have 
been intrigued by the idea of quantum friction. It has recently been shown that two non-contacting 
bodies moving relative to each other experience a friction due to quantum fluctuations inside the 
bodiesi. However until recent time there was no experimental evidence for or against this effect, 
because the predicted friction forces are very small, and precise measurements of quantum forces are 
incredibly difficult with present technology. The existence of quantum friction is still debated even 
among theoreticians^^. However, situation drastically changed with the creation of new material - 
graphene. We recently proposed^ that quantum friction can be observed in experiments studying 
electrical transport phenomena in nonsuspended graphene on amorphous Si02 substrate. 



I. INTRODUCTION 

Graphene, isolated monolayer of carbon, which was learned to obtain very recently, consist of carbon atoms densely 
packed into two-dimensional honeycomb crystal lattice (Fig. [1]). The unique electronic and mechanical properties 
of graphene are actively studied both theoretically, and experimentally because of their importance for fundamental 
physics, and also possible technological applications^. In particular, it has been known theoretically for a long time 
that the electron waves in honeycomb crystal lattice can be described by the same equation, as massless fermions in 
the Dirac relativistic theory. The experimental discovery of graphene made it possible to investigate the phenomena 
of quantum electrodynamics by studying the electronic properties of this material. 

Graphene can also be useful for the detection of quantum friction. The electrons in graphene located on the surface, 
for example, of the polar dielectric Si02, will experience additional friction due to interaction with the optical phonons 
in the dielectric. In high electric fields the electrons in graphene can move with the very high velocities 10^ m/s). 
At such velocities the main contribution to the friction will give quantum fiuctuations. Thus, quantum friction can 
be detected by measuring the transport electrical properties of graphene at the large electric fields. Besides quantum 
fluctuations, in the media there are also thermal fluctuations, connected with the thermal motion. They give the 
contribution to the conservative- dissipative forces of interaction and completely determine the radiation heat transfer 
between the bodies which are at rest. The unusual properties of graphene make it possible to use it for studying the 
phenomena, connected both with quantum, and thermal fiuctuations. 




FIG. 1: Honeycomb lattice of graphene 
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FIG. 2: Relationship between van der Waals, Casimir-Polder and Casimir forces, whose origins lie in the 
quantum fluctuations of dipoles. a, A fluctuating dipole pi induces a fluctuating electromagnetic dipole field, which in 
turn induces a fluctuating dipole p2 on a nearby particle, leading to van der Waals forces between the particles, b. When the 
particle spacing is large, retardation/ wave effects modify the interaction, leading to Casimir-Polder forces. When more than two 
particles interact, the non-additive fleld interactions lead to a breakdown of the pairwise force laws, c. In situations consisting 
of macroscopic bodies, the interaction between the many fluctuating dipoles present within the bodies leads to Casimir forces. 

II. FLUCTUATIONS PRODUCE FORCES 

There are four known fundamental forces: electromagnetism, gravity, weak and strong interactions. The weak and 
strong interactions manifest themselves on length scales on the order of the size of a nucleus, whereas at larger distances 
electromagnetism and gravity prevail. It may therefore come as a surprise that two macroscopic non-magnetic bodies 
with no net electric charge (or charge moments) can experience an attractive force much stronger than gravity. This 
force was predicted by Hendrik Casimir in the late 1940s, and now bears his name. The existence of this force is one 
of the few direct macroscopic manifestations of quantum mechanics; others are superfluidity, superconductivity, kaon 
oscillations, and the black body radiation spectrum. 

The origin of both the van der Waals and Casimir forces is connected with the existence of quantum and thermal 
fluctuations. Two neutral particles have fluctuating dipole moments resulting from quantum or thermal effects, which, 
for a particle separation of d, lead to a d^^ interaction energy that is commonly used, for example, as a long-range 
attraction term when describing the interactions between atoms and molecules. Physically, this attraction arises as 
shown in Fig. [2^; whenever one particle acquires a spontaneous dipole moment pi, the resulting dipole electric field 
(black lines) polarizes the adjacent particle to produce an induced dipole moment p2 ^ . Assuming positive 
polarizabilities, the direction of the dipole fields means that these two dipoles are oriented so as to attract each other, 
with an interaction energy that scales as d~^. This leads to the van der Waals 'dispersion' force. The key to more 
general considerations of Casimir physics is to understand that this d~^ picture of van der Waals forces makes two 
crucial approximations that are not always valid: it employs the quasi-static approximation to ignore wave effects, 
and also ignores multiple scattering if there are more than two particles. The quasi-static approximation assumes 
that the dipole moment pi polarizes the second particle instantaneously, which is valid if d is much smaller than 
the typical wavelength of the fluctuating fields. For such separations the retardation effects are negligible. In this 
separation region the dispersion force is usually called the van der Waals force. However, the finite wave propagation 
speed of light must be taken into account when d is much larger than the typical wavelength, as shown in Fig. ^jp, 
and it turns out that the resulting Casimir-Polder interaction energy asymptotically scales as for large d. At such 
separations the dispersion forces are usually called Casimir-Polder (for atom-atom and atom-wall interactions) forces. 
These are both relativistic and quantum-mechanical phenomena first described by Casimir and Polder (1948)2 and 
by Casimir (1948)®, respectively. More generally, the interaction is not a simple power law between these limits, but 
instead depends on an integral of fluctuations at all frequencies scaled by a frequency-dependent polarizability of the 
particles. 

The presence of multiple particles further complicates the situation because multiple scattering must be considered 
(Fig. [2h)- For example, with three particles, the initial dipole pi will induce polarizations p2 and pa in the other two 
particles, but P2 will create its own field that further modifies pa, and so on. Thus, the interaction between multiple 
particles is generally non-additive, and there is no two-body force law that can simply be summed to incorporate all 
interactions. Multiple scattering is negligible for a sufficiently dilute gas or for weak polarizabilities, but it becomes 
very significant for interactions between two (or more) solid bodies, which consist of many fluctuating dipole moments 
that all interact in a complicated way through electromagnetic radiation (Fig. [2j;). When these multiple scattering 
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FIG. 3: The amplitude of evanescent electromagnetic waves decays exponentially with the distance away from the surface. 
Intensity of the evanescent waves is especially large close to the surface of polar dielectric what is related with the surface 
phonon polaritons. 

effects are combined with wave retardation in a complete picture, they yield the Casimir force. 

Hendrik Casimir based his prediction on a simplified model involving two parallel perfectly conducting plates 
separated by a vacuum. Although the Casimir force arises from electromagnetic fluctuations, real photons are not 
involved. Quantum mechanically, these fluctuations can be described in terms of virtual photons of energy equal to the 
zero-point energies of the electromagnetic modes of the system. By considering the contribution of the electromagnetic 
field modes to the zero-point energy of the parallel plate configuration, Casimir predicted an attractive force between 
the plates. Because only electromagnetic modes that have nodes on both walls can exist within the cavity, the mode 
frequencies depend on the separation between the plates, giving rise to a pressure. The force in this case is attractive 
because the mode density in free space is larger than that between the plates. Ideal metals are characterized by 
perfect reflectivity at all frequencies which means that the absorption wavelength is zero. Thus, the Casimir force is 
universal and valid at any separation distance. It does not transform to the nonrelativistic London forces at short 
separations. Due to the difference in these early theoretical approaches to the description of the dispersion forces, the 
van der Waals and Casimir-Polder (Casimir) forces were thought of as two different kinds of force rather than two 
limiting cases of a single physical phenomenon, as they are presently understood. 

A unified theory of both the van der Waals and Casimir forces between plane parallel material plates in thermal 
equilibrium separated by a vacuum gap was developed by Lifshitz (1955)^. The Lifshitz theory provides a common 
tool to deal with dispersive forces in different fields of science (physics, biology, chemistry) and technology. Lifshitz's 
theory describes dispersion forces between dissipative media as a physical phenomenon caused by the fluctuating 
electromagnetic field that is always present in both the interior and the exterior of any medium. Outside the medium 
this field exists partly in the form of the radiative propagating waves and partly in the form of nonradiative evanescent 
waves whose amplitudes decay exponentially with the distance away from the medium Fig. [31 To calculate the 
fluctuating electromagnetic fleld Lifshitz used Rytov's theoryiSi. Rytov'a theory is based on the introduction into the 
Maxwell equation of "random" flcld (just as, for example, one introduces a "random" force in the theory of Brownian 
motion). The fundamental characteristic of the random fleld is the cross-spectral densities of components of this field at 
two different points in space. Initially Rytov found this cross-spectral density using phenomenological approach. Later 
Rytov's formula for the cross-spectral density of the random field was rigorously proved on the base of the fluctuation- 
dissipation theorem. According to the fluctuation-dissipation theorem, there is a connection between the spectrum 
of fluctuations of the physical quantity in an equilibrium dissipative medium and the generalized susceptibilities of 
this medium which describe its reaction to an external influence. Using the theory of the fluctuating electromagnetic 
fleld Lifshitz derived the general formulas for the free energy and force of the dispersion interaction. In the limit of 
dilute bodies these formulas describe the dispersion forces acting between atoms and molecules. In the framework 
of the Lifshitz theory material properties are represented by the frequency dependent dielectric permittivities and 
atomic properties by the dynamic atomic polarizabilities. In the limiting cases of small and large separation distances, 
in comparison with the characteristic absorption wavelength, the Lifshitz theory reproduces the results obtained by 
London and by Casimir and Polder, respectively. It also describes the transition region between the nonrelativistic 
and relativistic areas. Both quantum and thermal fluctuations give contributions to the total Casimir force. Quantum 
fluctuations dominate at small separation {d Xt ~ ch/kBT) and thermal fluctuations dominate at large separation 
{d ^ Xt)- Casimir forces due to quantum fluctuations have been studied experimentally for a long time. However 
the Casimir forces due to thermal fluctuations were measured only recently and these measurements confirmed the 
prediction of the Lifshitz theory!-. At present interest to the Casimit forces increases substantially because it was 
found that they play exceptionally important role in MEMS and NEMS. 

The Lifshitz theory was formulated for systems at thermal equilibrium. At present there is an interest in the study 
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FIG. 4: The electromagnetic waves emitted in the opposite direction by the body at the bottom wiU experience opposite 
Doppler shift in the reference frame in which the body at the top is at rest. Due to the frequency dispersion of the reflection 
amplitude these electromagnetic waves will reflect differently from the surface of the body at the top, which gives rise to 
momentum transfer between the bodies. This momentum transfer is the origin of the van der Waals friction. 

of systems out of the thermal equilibrium, in particular in the connection with the possibility of tuning the strength 
and sign of the interaction. Such systems also present a way to explore the role of thermal fluctuations, which usually 
are masked at thermal equilibrium by the T = K component, which dominates the interaction up to very large 
distances, where the interaction force is very small. In Ref.— the Casimir-Polder force was measured at very large 
distances, and it was shown that the thermal effects on the Casimir-Polder interaction agree with the theoretical 
prediction. This measurement was done out of thermal equilibrium, where thermal effects are stronger. 

Other non-equilibrium thermal effects were investigated by Polder and van HoveiS., who calculated heat flow between 
two parallel surfaces, divided by vacuum gap. Already more than 30 years physicists have been interested by a question 
about how the Casimir forces and the radiative heat transfer are modified for bodies moving relative to each other. 
The number of researchers showed that relative motion of bodies leads to the friction forced. Theory predicts, that 
the friction force acts even at zero temperatures, when it is determined by quantum fluctuations. However, in recent 
years the existence of quantum friction was discussed in sufficiently hot debates^"'*. Philbin and Leonhardt stated^ 
that all previous theories of quantum friction were incorrect because they included different approximations. The 
Philbin-Leonhardt theory predicts the absence of quantum friction. The general theory of the Casimir forces and 
the radiation heat transfer between moving bodies without any approximations was developed by us in Ref.^*. This 
theory confirmed correctness of the previous results and showed the inaccuracy of the Philbin-Leonhardt theory^. 

III. REFLECTION PRODUCES FRICTION 

The origin of the van der Waals friction is closely connected with the Casimir forces. The Casimir interaction 
arises when an atom or molecule spontaneously develops an electric dipole moment due to quantum fluctuations. 
The short-lived atomic polarity can induce a dipole moment in a neighboring atom or molecule some distance away. 
The same is true for extended media, where thermal and quantum fluctuation of the current density in one body 
induces a current density in other body; the interaction between these current densities is the origin of the Casimir 
interaction. When two bodies are in relative motion, the induced current will lag slightly behind the fluctuating 
current inducing it, and this is the origin of the van der Waals friction. The Casimir interaction is mostly determined 
by exchange of the virtual photons between the bodies (connected with quantum fluctuations) , and does not vanish 
even at zero temperature. Thermal fluctuations begin noticeably affect Casimir forces only at the large distance 
between the bodies, when contribution from the quantum fluctuations becomes very small. On the contrary, van der 
Waals friction at the low velocities {v ^ dkBT/K) is determined by the exchange of the real photons, connected with 
the thermal fluctuations. However, at large velocities and low temperatures {v 3> dkBT/K) quantum fluctuations give 
the main contribution to friction. Specifically, under such conditions quantum friction should be searched, which can 
be considered as the limiting case of the van der Waals friction. 

The origin of the van der Waals friction can be explained by the Doppler effect. Let us consider two flat parallel 
surfaces, separated by a sufficiently wide vacuum gap, which prevents electrons from tunneling across it. If the surfaces 
are in relative motion (velocity v) a frictional stress will act between them. This frictional stress is related with an 
asymmetry of the reffection amplitude along the direction of motion; see Fig. [J] If one body emits radiation, then 



FIG. 5: Scheme of the graphene field effect transistor 



in the rest reference frame of the second body these waves are Doppler shifted which wiU result in different reflection 
amplitudes. The same is true for radiation emitted by the second body. The exchange of "Doppler shifted photons" 
is the origin of van der Waals friction. 

From the point of view of the quantum mechanics the van der Waals friction originates from two types of processes, 
(a) If in the rest reference frame of moving body excitation has a frequency LOa (q) then in the laboratory reference 
frame this excitation will have frequency a;Q(q) — qxV. If Wa(q) — QxV < then as a result of such process the photon 
can be excited with frequency uj = QxV — ^^(q). (b) An excitation annihilated in the rest reference frame of moving 
body will create photon with frequency w = ^^(q) — QxV in the laboratory reference frame. The photons created in 
processes (a) and (b) can excite excitations in the body which is at rest in the laboratory reference frame that will 
result in momentum transfer and friction. Thus in process (a) the excitations are excited in both bodies, in contrast 
to process (b) for which excitation is annihilated in one body and created in other body. The first process (a) is 
possible even at zero temperature, when it is associated with quantum friction. The second process (b) is possible 
only at finite temperatures. Quantum and thermal friction are associated with quantum and thermal fluctuations, 
respectively. The process (a) will dominate at u > dkBT/Ti and process (b) will dominate at u < dkBT/Ti. At small 
velocities thermal and quantum friction forces depend linearly and cubically on sliding velocity, respectively. 

The van der Waals friction is related with exchange between bodies of real photons. This fact was overlooked by 
Leonhardti^. He assumed that the asymmetry of reflection coefficients, which appears for the moving bodies due to 
the Doppler effect, can be obtained also for a magneto-electric material where the magneto-electric coupling plays 
the role of the velocity. If close to a magneto-electric material another dielectric is placed, between them will act 
the force, analogous to the friction force, which appears between bodies moving relative to each other. According 
to the Leonhardt arguments if quantum friction exists, it would lead to the acceleration of dielectric, located near 
magneto-electric material, which would correspond to the unlimited energy source. Quantum friction thus leads to 
the paradox that an unlimited amount of useful energy could be extracted from the quantum vacuum. The error of 
these arguments consists in the fact that there is no exchange of real photons between bodies both of which are at rest 
at absolute zero temperature because there are no excitations in this case. Thus, in this case the force between bodies 
will be equal to zero. However, if between magneto-electric material and dielectric a temperature difference exists, a 
force will act between them. Therefore it is possible to imagine the heat engine, which converts heat into the useful 
work by means of the force, analogous to the van der Waals friction force. Such device can find broad applications in 
MEMS and NEMS. 

It is important to note that only evanescent waves give contribution to the quantum friction, i.e. it exists only 
between the closely spaced bodies. For the body, which is moved in the absolute vacuum, quantum friction (in contrast 
to the thermal friction) is equal to zero, what is in agreement with the principle of relativity. 

We recently proposed^ that quantum friction can be detected in experiment studying electrical transport phenomena 
in nonsuspended graphene on amorphous Si02 substrate (FiglS]). The electrons, moving in graphene under the action 
of electric field will experience intrinsic friction due to interaction with the acoustic and optical phonons in graphene 
and extrinsic friction due to interaction with the optical phonons in located nearby substrate from Si02. In high 
electric fields the electrons move with the high velocities. In this case the main contribution to the friction gives 
interaction with the optical phonons in graphene and in Si02. However, the frequency of optical phonons in graphene 
approximately is four times larger than their frequency in Si02. Therefore, the main contribution to the friction will 
give interaction with the optical phonons in Si02; accordingly, in the high electric fields the electrical conductivity of 
graphene is determined by the same interaction. It leads to the friction, which we described within the framework of 
the theories of the van der Waals friction. 

Figs. and[S)D show the dependence of the current density on the electric field at n = lO^^cm"^, and for different 
temperatures. In obtaining these curves we have used that J = nev and neE = F^^ where J and E are current density 
and electric field, respectively, is the frictional stress acting on electrons (or holes) in graphene. Note that the 
current density saturates dX E ^ 0.5 — 2.0V/ /im, which is in agreement with experiment-lS. The saturation velocity 
can be extracted from the I — E characteristics using J sat = nev sat, where 1.6 mA/ /xm is the saturated current density. 
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FIG. 6: The role of the interaction between phonon polaritons in Si02 and free carriers in graphene for graphene field-effect 
transistor transport. The separation between graphene and Si02 is d = 3.5A. (a) Current density-electric field dependence at 
T = K, n = lO^^cm"^'^. (b) The same as in (a) but for different temperatures. 
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FIG. 7: Scheme of experiment for observation of the drag effect. 

and with the charge density concentration n = lO^^cm"^: Vsat ~ lO^m/s. Fig. [6^ was calculated at T = K. At zero 
temperature the van der Waals friction is due to quantum fluctuations of charge density, 

According to the theory of the van der Waals friction- (see also above discussion) , the quantum friction, which exists 
even at zero temperature, is determined by the creation of excitations in each of the interacting media, the frequencies 
of which are connected by vq^ = loi + uj2- The relevant excitations in graphene are the electron- hole pairs whose 
frequencies begin from zero, while for Si02 the frequency of surface phonon polaritons Uph « 60mcV (9 • lO^^s""'^). 
The characteristic wave vector of graphene is determined by Fermi wave vector kp. Thus the friction force is strongly 
enhanced when v > Vsat = ^ph/kp ~ lO^m/s, in accordance with numerical calculations. Thus measurements of the 
current density-electric field relation of graphene adsorbed on Si02 give the possibility to detect quantum friction. 

IV. FRICTION INDUCES AN ELECTRIC FIELD 

An alternative method of studying of the van der Waals friction consists in driving an electric current in one metallic 
layer and studying of the effect of the frictional drag on the electrons in a second (parallel) metallic layer (Fig. [7]). 
Such experiments were predicted by Pogrebinskiiii and Pricei^ and were performed for 2D quantum well o^^'^° . In 
these experiments a current is driven through layer 1. Due to the proximity of the layers, the interlayer interactions 
will induce a current in layer 2 due to a friction stress acting on the electrons in the layer 2 from layer 1. If layer 2 
is an open circuit, an electric field Ei will develop in the layer whose influence cancels the frictional stress a between 
the layers. 

Similar to 2D-quantum wells in semiconductors, frictional drag experiments can be performed (even more easily) 
between graphene sheets. Such experiments can be performed in a vacuum where the contribution from the phonon 
exchange can be excluded. To exclude noise (due to presence of dielectric) the frictional drag experiments between 
quantum wells were performed at very low temperature (T « 3 K)^^. For suspended graphene sheets there is no such 
problem and the experiment can be performed at room temperature. In addition, 2D-quantum wells in semiconductors 
have very low Fermi energy cp ^ 4.8 x 10"'^ eV—. Thus electrons in these quantum wells are degenerate only for very 
low temperatures T < Tp = 57 K. For graphene the Fermi energy ep — O.lleV at n = 10 ^^cm^^, and the electron 
gas remains degenerate for T < 1335 K. 

At small velocities the electric field induced by frictional drag depends linearly on the velocity, E = {r/ne)v — fi^'^v, 
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FIG. 8: Frictional drag between two graphene sheets at the carrier concentration n = lO^'^cm"^. (a) Dependence of friction 
coefficient per unit charge, ^T^ = F/ne, on the separation between graphene sheets d. (b) Dependence of electric field induced 
in graphene on drift velocity of charge carriers in other graphene sheet at the layer separation d = 1 nm. (c) The same as in 
(b) but at d = lOnm. 

where /i is the low- field mobility. Figure [S^ shows the dependence of the friction coefficient (per unit charge) on 
the separation d between the sheets. For example, i? = 5 x l{]~'^v for T = 300 K and d = 10 nm. For a graphene 
sheet of length 1 ^m, and with = lOOm/s this electric field will induce the voltage = 10 nV. Figures [5)3 and[5J: 
show the induced electric field- velocity relation for high velocity, with d = Inm (b) and d = lOnm (c). As one can 
see, the effect of frictional drag between the graphene sheets strongly depends on temperature, i.e. it is determined 
by the thermal fluctuations. 

V. BREAKDOWN OF STEPHAN-BOLZMANN LAW AT THE NANOSCALE 

Transfer of energy between two surfaces separated by vacuum gap is a topic that has fascinated several generations 
of researches. If both surfaces are at rest then at large separation d ^ Xt — ksT /Ti the radiative heat transfer is 
determined by the Stefan-Boltzman law, according to which the thermal heat transfer coefficient a = 4aT^. In this 
limiting case the heat transfer between two bodies is determined by the propagating electromagnetic waves radiated 
by the bodies, and does not depend on the separation d. At T = 300K this law predicts the (very small) heat transfer 
coefficient, a « 6 Wm~^K~^. However, as was first predicted theoretically by Polder and Van Hove^^ in the framework 
of stochastic electrodynamics introduced by Ryto\^, and recently confirmed experimentall y^ 1,22 ^ short separation 
(i <C At, the heat transfer may increase by many orders of magnitude due to the evanescent electromagnetic waves; 
this is often referred to as photon tunneling. Particularly strong enhancement occurs if the surfaces of the bodies 
can support localized surface modes such as surface plasmon-polaritons, surface phonon-polaritons, or adsorbate 
vibrational modes^ . The findings have an influential role in new concepts such as thermophotovoltaics, NEMS, heat- 
assisted magnetic recording, heat-assisted lithography, the design of devices that rely on resonant or coherent heat 
emission, and nano-antennas. 

In two recent experiments^ii^ the heat transfer coefficient between a heated, flat surface and a micrometric-scale 
sphere mounted on the bimorph cantilever of an atomic force microscope was measured over a distance of 30 nm to 
several micrometers. Heat transfer across the plate-sphere gap causes the cantilever to bend very slightly, and this is 
measured by optical fibre interferometry (Figl9]) . Experiments were restricted to separation wider than 30 nm, because 
here the imperfections start to distort the measurements of heat transfer. The extreme near-field - separations less 
than approximately 10 nm - may not be accessible using a plate-sphere geometry because it is extremely difficult to 



FIG. 9: Schematic diagram of experimental setup for observation of the near-field radiative heat transfer between a silica 
microsphere and the silica substrate. 

fabricate well defined extended planes and high-quality sphere at the nanoscale without unwanted surface spots. Such 
an extreme short separation is of great interest to those who design nanoscale device, as modern nanostructures are 
considerably smaller than 10 nm and are separated in some cases by only a few fraction of a nanometer. Recently we 
have shown^- that studing the radiative heat transfer at extremely short separation in the plate-plate configuration 
is also very convenient with the aid of graphene. 

Suspended graphene sheet has a roughness ~1 nm (RefM^), and measurements of the thermal conductance can be 
performed from separation larger than ~ 1 nm. Another advantage of using graphene for studying the radiative heat 
transfer result from the fact that under steady-state condition the heat flow is equal to the heat generated in the 
graphene by the current density: Sz = EJ. This quantity can be accurately obtained from I — V characteristics. The 
temperature of graphene can be measured accurately using Raman scattering spectroscopy^^. 

For nonsuspended graphene besides the radiative mechanism of the heat transfer there is also a mechanism, con- 
nected with interaction between the vibrations in the contacting media. With the presence of this phononic mechanism, 
the heat generated in graphene by the current density will be transferred to the substrate by means of the radiative 
and phononic mechanisms: EJ = Sz + otpniTg — T^j), where ap„ is the phononic heat transfer coefficient, Tg and - 
the graphene and dielectric temperatures, respectively. Accordingly to theoretical calculations^^ and experimentSS at 
room temperature the heat transfer coefficient due to the direct phononic coupling for the interface between graphene 
and a perfectly smooth (amorphous) Si02 substrate is aph ~ 1.0 x 10*Wm~^K~^. 

A general theory of the radiative energy transfer between moving bodies, with arbitrary relative velocities, was 
developed by us in Reffi^. According to this theory there is transfer of energy between moving bodies even at zero 
temperature difference, and the heat is generated by the relative motion of quantum and thermal fluctuations. It 
appears in its most elementary form when the surfaces are at zero Kelvin and the heat is generated by the relative 
movement of quantum fluctuations. In Ref;22, this theory was applied to calculate the radiative energy transfer 
between carriers (moving with the drift velocity v) in graphene and the substrate. The motion of the charge carriers 
in graphene relative to the substrate leads to new effects. In absence of relative motion the heat transfer between 
bodies is determined only by thermal fluctuations. For the moving relative to each other bodies both thermal and 
quantum fluctuations give contributions to the radiative heat transfer. 

Fig. [TOk shows the ratio of the energy transfer coefficient to the phononic heat transfer coefficient for d — 0.35 
nm and n = 10^^ m~^. For low and intermediate field this ratio is larger than unity what means that in this region 
the near-fields radiative energy transfer gives additional significant contribution to the heat transfer due to direct 
phononic coupling. For nonsuspended graphene on Si02 the energy and heat transfer are very effective thus the 
temperature difference does not rise high even for high electric field when saturation m. I — E characteristic begins^ 
(see Fig. [TUb). The radiative heat transfer between bodies at rest is determined only by thermal fluctuations, in 
contrast to the radiative energy transfer between moving bodies which is determined by both thermal and quantum 
fluctuations. Fig. llOb shows that quantum fluctuations can give signiflcant contribution to the total energy transfer 
for low temperatures and large electric field (high drift velocity). Similarly, in the (elecric current) saturation region 
quantum fluctuations give signiflcant contribution to the total friction force which is determined, as discussed above, 
by the sum of the extrinsic and intrinsic friction forces (see Fig. llOd ) . The extrinsic friction force has contributions 
from both thermal and quantum fluctuations. 




FIG. 10: Radiative energy transfer between graphene and Si02 for n — lO^^m"^, d — 0.35 nm and a^h ~ 1.0 x 10*Wm~^K~^. 
(a) The dependence of the ratio between the total energy transfer coefficient and the phononic heat transfer coefficient, on 
electric field, (b) Dependence of the temperature difference between graphene and substrate on the electric field, (c) Dependence 
of the ratio between the heat flux only due to quantum fluctuations 5'5"<^"* and the total energy flux, on the electric fleld. (d) 
Dependence of the ratio between the friction force only due to quantum fluctuations i^^"""* and the total friction force, on the 
electric fleld. 



At large separation between graphene and the substrate [d > 1 nm) the heat transfer between them is determined 
only by radiative mechanism. At d ^ 5 nm and T — 300 K the energy transfer coefficient, due to the near-field 
radiative energy transfer, is ~ lO^'Wm^^K^^, which is ~ 3 orders of magnitude larger than the radiative heat transfer 
coefficient of the black-body radiation. In comparison, the near-field radiative heat transfer coefficient in Si02-Si02 
system for the plate-plate configuration, when extracted from experimental data^^'^ for the plate-sphere configuration, 
is ^ 2230Wm~^K~^ at a ^^30 nm gap. For this system the radiative heat transfer coefficient depends on separation as 
l/cP\ thus a ~ 10^Wm~^K~^ at d ~ 5 nm what is one order of magnitude larger than for the graphene-Si02 system 
in the same configuration. However, the sphere has a characteristic roughness of ^ 40 nm, and the experiments2ii2^ 
were restricted to separation wider than 30 nm (at smaller separation the imperfections affect the measured heat 
transfer). Thus the extreme near-field-separation, with d less than approximately 10 nm, may not be accessible using 
a plate-sphere geometry. A suspended graphene sheet has a roughness '^l nm, and measurements of the heat transfer 
coefficient can be performed from separation larger than ^ 1 nm. This range is of great interest for the design of 
nanoscale devices, as modern nanostructures are considerably smaller than 10 nm and are separated in some cases by 
only a few Angstroms. 



VI. CONCLUSION 



Quantum friction as superconductivity and superfluidity, is the macroscopic phenomenon, which nature is deter- 
mined by quantum laws. This determines its fundamental significance, but quantum friction can be also technologically 
important. For example, characteristics of the graphene field-effect transistor can be determined in many respects by 
quantum friction. Accordingly to the concept of nanotechnologists, the graphene field-effect transistor should replace 
in the next 10 years silicon transistor and provide further progress in nanoelectronics. Many others micro- and the 
nano-electromechanical systems, which promise new applications in the sensors and the information technologies, can 
depend on the presence of quantum friction. Furthermore, quantum friction determines the limit, to which the friction 



force can be reduced and, consequently, also the force fluctuations, since, according to the relationship established 
by Einstein, the friction and fluctuations are connected with each other. According to this relationship, the random 
force that makes a small particle jitter would also cause friction if the particle is dragged through the medium. From 
the other side the force fluctuations are important for ultrasensitive force detection experiments. For example, the 
detection of single spins by magnetic resonance force microscopy^^, which has been proposed for three-dimensional 
atomic imaging^^ and quantum computation^-, will require force fluctuations (and consequently the friction) to be 
reduced to unprecedented levels. In addition, the search for quantum gravitation effects at short length scale^°, and 
future measurements of the Casimir forces^, may eventually be limited by non-contact friction effects, one mechanism 
of which is determined by the van der Waals friction with its limiting case - quantum friction. For these applications 
better understanding of non-contact friction is only the first step. In the future it will be necessary to learn how 
to reduce it or, in other words, how to 'lubricate' vacuum. Intriguing idea - creation of heat engine based, as it 
was discussed above, on ideas about nature of the van der Waals friction. In such engine the temperature difference 
between magneto-electrical material and closely spaced dielectric will induce lateral forces between bodies. This effect 
can find broad application in NEMS. 
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